As baby hamster kidney (BHK-21) cells enter mitosis, networks of intermediate filaments (IFs) (6) . In other cell types, an increase in phosphorylation of vimentin and desmin has been observed when cells enter mitosis (7-9) or during myogenesis (10-12). The possibility that phosphorylation might regulate the in vivo polymerization state of IFs has been supported by recent in vitro studies using purified cyclic AMP-dependent kinase (A kinase), protein kinase C, and protein phosphatase 1B (13) (14) (15) (16) immediately with ice-cold phosphate-buffered saline and lysed in a buffer of 50 mM Tris HCI, pH 7.4/5 mM EGTA/5 mM EDTA/10 mM sodium pyrophosphate/0.2% NaDodSO4. Immunoabsorption of vimentin and desmin was carried out by using protein ASepharose beads as described elsewhere (17). The rabbit anti-vimentin/desmin antiserum has been characterized elsewhere (18). 32P-labeled vimentin and desmin were separated on NaDodSO4/polyacrylamide gels (19). Concentrations of individual proteins on these gels were determined by measuring the amount of Coomassie blue bound using bovine serum albumin as a standard (20) . The final concentration of phosphate in the medium was quantitated according to Chen et al. (21) and the specific activity of the [32P]phosphate in the medium at the end of the incubation period was used to calculate mol of phosphate per mol of immunoabsorbed vimentin and desmin.
sembly as determined by negative-stain electron microscopy. The results support the idea that the disassembly of IFs in mitosis is regulated by the phosphorylation of its subunit proteins.
The intermediate filament (IF) network of certain types of cultured cells undergoes reorganization during mitosis (1) (2) (3) (4) (5) and differentiation (6) . In other cell types, an increase in phosphorylation of vimentin and desmin has been observed when cells enter mitosis (7) (8) (9) or during myogenesis (10) (11) (12) . The possibility that phosphorylation might regulate the in vivo polymerization state of IFs has been supported by recent in vitro studies using purified cyclic AMP-dependent kinase (A kinase), protein kinase C, and protein phosphatase 1B (13) (14) (15) (16) . However, a detailed correlation of the state of IF phosphorylation with the level of phosphorylation within the same cell has not been carried out. Furthermore, the identification of the kinase(s) and phosphatase(s) involved in the organizational changes of cytoplasmic IFs in vivo remains unknown.
As a first step to determine whether or not there is a causal relationship between increased phosphorylation and the disassembly of IFs in vivo, we have carried out both morphological and biochemical studies using a baby hamster kidney (BHK-21) cell line and have searched for endogenous protein kinase(s) that cause the hyperphosphorylation of IF proteins during mitosis. To this end, we have found two IF protein kinase activities in mitotic cell lysates. In vitro preparations of BHK IFs can be induced to depolymerize during phosphorylation by one of these endogenous kinases.
EXPERIMENTAL METHODS
Quantitation of Phosphate Associated with Vimentin and Desmin in Vivo. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, penicillin (50 units/ml), and streptomycin (50 ,g/ml). Radiolabeled (17) . The rabbit anti-vimentin/desmin antiserum has been characterized elsewhere (18) . 32P-labeled vimentin and desmin were separated on NaDodSO4/polyacrylamide gels (19) . Concentrations of individual proteins on these gels were determined by measuring the amount of Coomassie blue bound using bovine serum albumin as a standard (20) . The Fig. 1B ). The cells were pelleted by centrifugation at 500 x g and lysed in a buffer containing 20 mM Pipes (pH 7), 5 mM EDTA, 2 mM dithiothreitol, 0.5% Nonidet P-40, and a mixture of protease inhibitors (1 mM phenylmethylsulfonyl fluoride, and 20 ,ug/ml each of leupeptin, aprotinin, and pepstatin). The mitotic cell lysate was centrifuged at 200,000 x g for 30 min. The resulting pellet was suspended by homogenization in the hydroxylapatite column buffer consisting of 10 mM potassium phosphate, pH 6.9/400 mM KCl/2 mM dithiothreitol/1 mM EDTA/5% (vol/voi) glycerol. This extract was centrifuged at 200,000 x g for 30 min and the supernatant was fractionated on a hydroxylapatite column with the column buffer containing a linear potassium phosphate gradient from 10 to 300 mM. Fractions were assayed for kinase activity as described below. The flow-through fractions that have the IF protein kinase I activity (see Fig. 2 ) were pooled, dialyzed against a solution (6 Al, 1 mM). The reactions were stopped with 2x NaDodSO4/ polyacrylamide gel sample buffer. Vimentin and desmin bands separated on NaDodSO4/polyacrylamide gel were cut out and extracted overnight with 300 Al of 90%o Protosol, and the radioactivity was counted in 10 ml of Aquasol-2 (New England Nuclear). For 32P-labeled peptide mapping, cells were labeled in 32P-containing medium for 4 hr in the presence of nocodazole (0.4 Ag/ml). 32P-labeled mitotic cells were shaken off, lysed, and immunoabsorbed with rabbit anti-vimentin/desmin antiserum as described above. 32p-labeled vimentin and desmin were separated on a NaDod-S04/polyacrylamide gel. Trypsinization of proteins and twodimensional peptide mapping were performed as described elsewhere (12) . 32P-labeled peptides were identified by autoradiography. Similar experiments were carried out using the catalytic subunit of bovine heart cAMP-dependent kinase (P2645; Sigma).
RESULTS
During interphase, BHK cells contain extensive networks of IFs, which course from the juxtanuclear region to the cell surface as determined by indirect immunofluorescence (Fig.  lA) . During the transition from late prophase to metaphase, this filamentous pattern disappears and only cytoplasmic spots are seen (Fig. 1B) (7) (8) (9) . To identify the endogenous kinases responsible for the phosphorylation ofIFs in mitosis and to determine whether such kinases are responsible for the disassembly process seen in vivo, we have fractionated lysates of mitotic cells by hydroxylapatite column chromatography (Fig. 2) . As a result of this procedure, we have identified an IF protein kinase activity that phosphorylates preferentially vimentin (referred to as IF protein kinase I) in the flow-through fractions and a second IF protein kinase activity that phosphorylates both vimentin and desmin (referred to as IF protein kinase II) in the retarded fractions (Fig. 2) .
The authenticity ofthese two kinases has been determined by comparing two-dimensional 32P-labeled phosphopeptide maps of vimentin and desmin phosphorylated in vivo in mitotic cells and in vitro using the partially purified kinases. IF protein kinase I and II phosphorylate vimentin in vitro at different sites. In each case, the phosphorylated peptides are subsets of those labeled in vivo (Fig. 3 A-E), except for peptide 5, which is not found in in vitro labeled samples (Fig. 3 A and D) . (Fig.  3 H-J) . The similarity of sites phosphorylated in vitro and in vivo suggests to us that these two endogenous kinases are authentic IF protein kinases.
Since A kinase and protein kinase C are known to phosphorylate vimentin and desmin (13) (14) (15) (16) , it is of interest to determine whether the two endogenous kinases are the same as these two known kinases. Comparison of 32P-labeled phosphopeptide maps of vimentin phosphorylated by either A kinase or IF protein kinase II shows that these two kinases are not identical. A kinase phosphorylates vimentin at two unique sites (Fig. 3 F and G, asterisks) , in addition to a subset of in vivo sites. Desmin is also phosphorylated by both A kinase and IF protein kinase II. A kinase does not phosphorylate peptide 2, which is phosphorylated by IF protein kinase II, and the preference for phosphorylation sites appears different between the two kinases ( Fig. 3 I, K, and L) . IF protein kinase I and A kinase phosphorylate vimentin at different sites (Fig. 3 B and F) . Based on these data, we conclude that the two endogenous kinases are not A kinases. In addition, IF protein kinases I and II do not appear to be protein kinase C due to the fact that their activities are not enhanced by the substitution of EGTA in the assay buffer with either Ca2+/calmodulin (0.2 mM, 1 ,uM) or Ca2W/phospholipid (0.2 mM, 100 ,ug of phosphatidylserine per ml and 4 ,ug of diolein per ml). Since Ca2+ sensitivity could be lost due to proteolysis during the fractionation steps, these observations are not conclusive at the present time.
BHK IFs contain vimentin and desmin, both of which are phosphorylated by IF protein kinase II. Therefore we have studied the effect of kinase II on polymerized IFs (Fig. 4) . Using the conditions specified in Experimental Methods, soluble IF subunits are induced to polymerize into IFs for 60 min (Fig. 4, 0 min) . Addition of the kinase II and [32P]ATP results in the incorporation of 4.0 and 5.0 mol of phosphate into each mol of vimentin and desmin, respectively (Fig. 4) . As the phosphate content increases, IFs undergo dramatic structural changes. Within 20 min, typical 10-nm IFs appear significantly shorter. After 40 min, no IFs are seen and are apparently replaced by short filaments 3-5 nm in diameter (Fig. 4, 40 (17, 23) . Therefore, our in vitro and in vivo data, in conjunction with the in vitro results from other laboratories using A kinase and protein kinase C (13) (14) (15) (16) (1989) 1889 vations). Furthermore, vimentin is phosphorylated in vivo exclusively at the N-terminal non-a-helical domain and desmin is phosphorylated at both the N-and C-terminal non-a-helical domains (24) . During mitosis, the increase in phosphate appears to be restricted to the N-terminal nona-helical domain (24 There is evidence that cAMP might be involved in the reorganization of IF networks during myogenesis (11, 12) and that A kinase disassembles IF in vitro (13) (14) (15) (16) (1) (2) (3) (4) (5) . However, the morphological fate of IF networks during mitosis varies in different cell types (3, 5, 9) and even in different culture conditions (29) . Since vimentin and desmin can be phosphorylated at multiple sites, the level of increased phosphorylation and the different spectra of phosphorylation sites might modulate the conformational changes of IF to different extents. Dramatic morphological changes, like the IF network alteration into vimentin/desmin-rich spots, can be easily observed by light microscopy. However, the detection of subtle changes in IF structure, which may result from lesser degrees of phosphorylation at different sites, will require more sensitive experimental approaches. The further purification and characterization of endogenous kinases (or other additional factors) responsible for the modulation of IF structure should in the future permit the elucidation of the differential effects of phosphorylation on the organization of IF networks.
